The analysis of the BRITE oscillation spectrum of the main sequence early B-type star ν Eridani is presented. Only models with the modified mean opacity profile can account for the observed frequency ranges as well as for the values of some individual frequencies. The number of the κ modified seismic models is constrained by the nonadiabatic parameter f , which is very sensitive to the opacity changes in the subphotospheric layers where the pulsations are driven. We present an example of the model that satisfies all the above conditions. It seems that the OPLIB opacities are preferred over those from the OPAL and OP projects. Moreover, we discuss additional consequences of the opacity modification, namely, an enhancement of the efficiency of convection in the Z-bump as well as an occurrence of close radial modes which is a kind of avoided-crossing phenomenon common for nonradial modes in standard main sequence models.
INTRODUCTION
One of the main ingredients in stellar modelling are opacity data which affect energy transport and the structure of a star. In addition, the values of opacities determine conditions for excitation of heatdriven pulsations as observed, e.g., in main-sequence or classical pulsators.
The profound consequences that can result from the use of incorrect opacities was demonstrated some quarter of a century ago when the new data were computed by the two independent teams: OPAL (Iglesias, Rogers & Wilson 1992 , Rogers & Iglesias 1992 and OP (Seaton 1993 , Seaton et al. 1994 . Since then, these opacity data were updated several times (Iglesias & Rogers 1996 , Seaton 2005 , but the main feature, i.e., the new local maximum of the Rosseland mean opacity, κ, at the temperature T ≈ 200 000 K, was identified in their first release. This new opacity bump, called the metal or Z-bump, made possible, e.g., to explain pulsations of B-type main sequence stars, decrease the mass discrepancy in classical Cepheids and to improve the standard solar model (Rogers & Iglesias 1994) . Recently, the Los Alamos opacity database (OPLIB) was also updated ) and made publicly avail-⋆ E-mail:daszynska@astro.uni.wroc.pl able (http://aphysics2.lanl.gov/cgi-bin/opacrun/astro.pl). Calculations with the OPLIB data yielded wider instability strips for pulsations of β Cep and SPB type (Walczak et al. 2015) .
The most recent laboratory measurements at solar interior temperatures (Bailey et al. 2015) indicate that the predicted Rosseland mean opacities for iron are underestimated by about 75%. Despite various improvements in the calculation of stellar opacities, there are many indications that something is still missing in these data and/or has not been correctly included. One example is the B-type main sequence pulsators, which exhibit both pressure and high-order gravity modes, e.g., ν Eridani , 12 Lacertae (Handler et al. 2006) , γ Pegasi (Handler et al. 2009 ). There are also bags of such pulsators identified from the space data from Kepler and CoRoT missions (e.g., Degroote et al. 2009 , Balona et al. 2011 , 2015a . However, so far none of the pulsational models can account for their oscillation spectra.
The higher iron opacity has been investigated very recently by theoretical computations of Nahar & Pradhan (2016) , but their results regarding a potential increase in total opacity have been criticized (Blancard et al. 2016) . Larger opacities could be a breakthrough in solar modelling and push in the right direction the seismic studies of massive stars. The increase of the Z-bump opacity, mostly dominated by iron, was a first guess to explain the low frequencies detected in ν Eri (Pamyatnykh, Handler & Dziembowski 2004) . Recently, the instability strips for B-type main sequence models with enhancement by 75 % iron and nickel opacity were published by Moravveji (2016) .
In this paper, we make an attempt to analyse once again this well-known hybrid pulsator, ν Eri, which was observed by the BRITE-Constellation (Weiss, Ruciński, Moffat et al. 2014) . Here, we base our studies on the pulsational frequencies extracted by Handler et al. (2016) from the BRITE light curves. Our goal is to modify the profile of the mean opacity to reproduce both the observed range of frequencies and the values of the frequencies themselves. Moreover, in order to control the opacity changes and make our results more plausible, we have imposed a requirement for the relative amplitude of the bolometric flux variations, the so-called parameter f (Cugier, Dziembowski, Pamyatnykh 1994 , Daszyńska-Daszkiewicz et al. 2002 . Namely, we demand, in addition, that the empirical value of f for the dominant radial mode is reproduced by a model satisfying the above conditions. The use of the parameter f significantly limits the modification of opacities because this parameter is very sensitive to the structure of subphotospheric layers where the pulsation driving occurs.
In Sect. 2, we recall the observed properties of pulsations of ν Eri and compare them with the standard pulsational models. By the standard models we mean the models computed with the available opacity data: OPLIB, OPAL and OP. Sect. 3 contains results of our modelling extended by the modification of the mean opacity profile and in Sect. 4 we reduce the number of such seismic models by taking into account the parameter f . The effect of convection in the vicinity of the metal (or Z−)bump on pulsational properties of models with masses typical for ν Eri is discussed in Sect. 5. A kind of avoided-crossing phenomenon for radial modes identified in models with the modified κ profile is presented in Sect. 6. We end with Conclusions and perspectives for future works.
OSCILLATIONS OF ν ERI AND THE STANDARD PULSATIONAL MODELS
The early B-type star ν Eri (B2III, HD 29248) is one of the most studied hybrid pulsators in the last fifteen years. These intensive studies began with dedicated photometric and spectroscopic multisite campaigns carried out in 2003 -2005 , Jerzykiewicz et al. 2005 , de Ridder et al. 2004 . The analysis of these data enriched the known oscillation spectrum by new frequency peaks, that complemented the two known ℓ = 1 triplets, as well as revealed the existence of high order g modes associated with low frequencies. Subsequently, many theoretical studies have been devoted to finding the best seismic models that yield constraints on overshooting from the convective core, internal rotation and opacities (Pamyatnykh, Handler & Dziembowski 2004 , Ausseloos et al. 2004 , Daszyńska-Daszkiewicz, Dziembowski, Pamyatnykh 2005 , Dziembowski & Pamyatnykh 2008 , Suarez et al. 2009 , Daszyńska-Daszkiewicz & Walczak 2010 ). This star is a slow rotator with V rot = 6 km/s (Pamyatnykh, Handler & Dziembowski 2004 ) but some suggestions about non-rigid rotation have been made (Dziembowski & Pamyatnykh 2008 , Suarez et al. 2009 ). The BRITE project provided an opportunity, for the first time, to register the light variations of this bright star (V = 3.92 mag) from space. Handler et al. (2016) extracted from these data 17 frequencies: 10 in the high frequency range (p modes) and 7 in the low frequency range (g modes). Most of these peaks agree with the values derived from the previous photometric and spectroscopic ob- servations. However, there are a few differences. Firstly, five more g-mode frequencies have been detected. Interestingly, the "old" frequency ν = 0.61440 d −1 is missing in this low frequency "forest". Moreover, two frequencies, one component of the ℓ = 1, p 1 triplet around 6.22 d −1 and the peak around ν = 6.73 d −1 , have not been found. These two frequencies had the lowest photometric amplitudes in the last photometric campaigns (cf. Table 6 in Jerzykiewicz et al. 2005) . From a theoretical point of view, such a situation is quite plausible because the e-folding time for the amplitude growth of some pulsational modes in main sequence models may be quite short. For the quadrupole g mode with ν ≈ 0.61 d −1 , we obtained an e-folding time of about 15 years and for the dipole and quadrupole p modes with ν ≈ 6.22 and 6.73 d −1 , this time is of the order of several decades. These estimates, besides the detection threshold, can explain the appearance and disappearance of some frequency peaks. It is worth mentioning that the Strömgren u amplitude of the high order g mode ν ≈ 0.433 d −1 has dropped from about 5.5 mmag ) to 3.0 mmag (Handler et al. 2016) , ie., by a factor of almost two within 12 years.
In Fig. 1 , we show the oscillation spectrum of ν Eri as obtained by Handler et al. (2016) from the BRITE light curves (the bottom panel) as well as, for comparison, the oscillation spectrum from the 2002-2004 photometric campaigns (the top panel) derived by Jerzykiewicz et al. (2005) .
As a first step, we confront the observed frequency range with the theoretical results obtained from models computed with the standard opacity data commonly used in pulsational computations: OPAL (Iglesias & Rogers 1996) , OP (Seaton 2005 ) and the recently released OPLIB library . In all cases, the solar chemical mixture was adopted (Asplund et al. 2009 ). There are some differences in the run of the mean opacity profiles, κ(T ), and its temperature derivative, κ T (T ), between these three sources of the opacity data. A comparison of them for a typical β Cep model was recently presented by Walczak et al. (2015) (see their Fig. 1 and 2).
In Fig. 2 , we plot the normalized instability parameter, η, as a function of the mode frequency for the three models suitable for ν Eri computed with the three opacity data sets: OPLIB, OPAL, OP. The unstable modes have positive values of η. There are shown modes with the spherical harmonic degree up to ℓ = 2. The effective temperature and luminosity (log T eff , log L/L ⊙ ) of these models are consistent with the observed error box determined with the new parallax π = 4.83 ± 0.19 mas (van Leeuwen 2007): log T eff = 4.346 ± 0.014, log L/L ⊙ = 3.886 ± 0.044. Here, we adopted a mass M = 9.5M ⊙ and metallicity Z = 0.015. The values of (log T eff , log L/L ⊙ ) differ only slightly between the models shown in Fig. 2 and their approximate values are: log T eff ≈ 4.343, log L/L ⊙ ≈ 3.92. All models reproduce the radial fundamental mode ℓ = 0, p 1 and the centroid of the dipole mode ℓ = 1, g 1 corresponding to the frequencies ν = 5.76326 d −1 and ν = 5.63725 d −1 , respectively. A small amount of core overshooting was needed to adjust the dipole mode frequency, which was chosen from the range α ov ∈ (0.07 − 0.09). Fig. 2 recalls the old problem of mode excitation in the low frequency range, i.e., high order g modes, as well as in the highest frequency range for ν 7.5 d −1 (e.g. Pamyatnykh, Handler & Dziembowski, 2004) . The widest instability in the p mode range is in the OPLIB models, reaching ν ≈ 8 d −1 , whereas for the OP models we get the highest values of η in the range of high order g modes. As we have checked, the changes of various parameters (e.g., M, Z, X) within a range allowed by the observational error box do not eliminate these shortcomings. Increasing the total metallicity, Z, enhanced an overall instability in both local maxima of η. The effect of changing the mass is as follows: for higher masses we get the higher instability for the highest frequency p modes, e.g., changing the mass from 9.0 to 10.0 M ⊙ extends the instability by about 1 d −1 towards higher frequencies. On the other hand, for the higher mass models we get lower instability for low frequency g modes. Thus, we can say that in the allowed range of parameters there are no models that can account for the whole observed range of frequencies detected in the ν Eri light variations. In order to overcome this problem in the next section we try to modify the opacity profile, κ(T ), and to find models that reproduce both the observed range of frequencies and the values of some individual frequencies.
MODELS WITH MODIFIED OPACITIES
In this section we change some amount of opacity at the depths (expressed in log T ) that can affect the driving of pulsations in the stellar models of ν Eri. Of course, these κ modifications will affect also the values of eigenfrequencies. The opacity profile is modified according to the formula
where κ 0 (T ) is the unchanged opacity profile and (a, b, T 0 ) are parameters of a Gaussian describing the width, height and position of the maximum, respectively. Thus, for a fixed depth, T 0 , we enhance or reduce the opacity by changing (a, b). We adopted the Gaussian because the known local maxima of the mean opacity log T eff = 4.3399, log L/L ⊙ = 3.917, metallicity Z = 0.015 and core overshooting α ov = 0.07. The κ derivative with respect to temperature, κ T = ∂ log κ/∂ log T , is also shown, with its values given on the right-hand Y-axis. In the first case, we increased opacities around log T 0 = 5.3 and 5.46 by 100% (i.e. b=1), whereas in the second case (the top panel of Fig. 4 ), we added also 100% opacity around log T 0 = 5.06. Within the Z-bump, we have at log T 0 = 5.3 the maximum contribution of iron to the opacity whereas at log T 0 = 5.46 the maximum contribution of nickel occurs (e.g., Salmon et al. 2012) . Adding 100% of the opacity only at log T 0 = 5.3 increases the instability of both p-and high order gmode frequencies whereas an additional increase of κ at the deeper temperature log T 0 = 5.46 raises the parameter η mostly for the low frequency modes. The opacity changes at log T 0 = 5.06 are motivated by works of Cugier (2012 Cugier ( , 2014 , who identified the new opacity bump around this temperature in the Kurucz atmosphere models. This bump was suggested, for example, as a possible cause of excitation of low frequency g modes in δ Scuti stars as detected in the Kepler data (Balona, Daszyńska-Daszkiewicz & Pamyatnykh 2015) .
The consequences of such κ modifications on pulsational properties are demonstrated in the middle panels of Figs. 3 and 4. As an example we show the normalized differential work integral for the radial second overtone mode (ℓ = 0, p 3 ). In the model computed with the standard OPLIB data this mode is stable. Increasing the opacity at log T = 5.3 and 5.46 makes this radial mode unstable whereas adding the third bump at log T = 5.06 stabilizes it again. In Fig. 3 , we compare also the work integral for the high order quadrupole mode ℓ = 2, g 16 for which the parameter η reaches the maximum. In the model computed with the standard κ profile this mode is stable whereas in the model computed with the modified κ profile at log T = 5.3 and 5.46 it becomes unstable.
The bottom panels of Figs. 3 and 4 show the run of the normalized instability parameter, η, for the two considered cases. As one can see, an enhancement of the opacity at the depths log T 0 = 5.3 and 5.46 causes an increase of the pulsational instability both for low and high frequency modes. In the low frequency range, the quadrupole modes become unstable and dipole modes are not far from the instability. For the high frequencies, the instability range becomes much wider than the observed frequency range. If we add the third bump at the depth log T 0 = 5.06 (Fig. 4) , the increase of η for the highest frequency modes is smaller whereas for low frequency modes the parameter η is almost unchanged.
Then, to reproduce the observed frequency ranges as well as the values of some frequency peaks, we determined the corrections to κ(T ) with the following steps ∆a = 0.001, ∆b = 0.05 and ∆T 0 = 0.005 in the range log T ∈ (5.0 − 5.5). For each opacity database, we found many models that reproduce these observed features. In Fig. 5, we give examples of such models for the three used opacity data sets: OPLIB (the top panel), OPAL (the middle panel) and OP (the bottom panel). The parameters of the models are given in Table 1 and modifications of the opacity profile are as follows:
As one can see, all of these models have unstable modes in the high frequency range (5-8) d
−1 which perfectly agrees with observations. Moreover, the theoretical frequencies of the highest amplitude p modes agree with the observed values to the second decimal place, in line with mode identification (e.g. do not have their theoretical counterparts. There are only a few unstable dipole modes. Quadrupole modes are more unstable but they are shifted to higher frequencies. This deficiency can be partially explained by rotational splitting, in particular, if the core was really spinning faster as suggested by Pamyatnykh, Handler & Dziembowski (2004) .
HOW TO CONSTRAIN THE MODIFICATIONS OF STELLAR OPACITIES?
As we have mentioned at the end of the previous section, it is possible to find many models that can account simultaneously for the observed frequency ranges and roughly fit the values of some frequencies. Thus, the question is: which modification of the opacity profile is more likely? First, one can think about drawing some conclusions from chemical compositions determined from highresolution spectra. Such analysis by Morel et al (2006) and, more recently, by Nieva & Przybilla (2012) points to normal (solar-like) abundances for ν Eri. However, these photospheric abundances do not necessarily reflect the subphotospheric values. Moreover, the values of opacities do not depend only on the abundance of individual elements but also on how they are computed (e.g., on the number of fine structure energy levels per ion taken into account). Thus, we need an observable that would be sensitive to the opacity of the subphotospheric layers near the Z-bump. Such an indicator is the relative amplitude of radiative flux perturbation at the level of the photosphere, which is called the parameter f . The value of f is complex and results from linear non-adiabatic computations of stellar pulsations. This asteroseismic probe was introduced by Daszyńska-Daszkiewicz, Dziembowski & Pamyatnykh (2003) is not shown because it looks very similar to that shown in Fig. 3 . Pamyatnykh (2003) . An interesting result from the last studies of the parameter f for ν Eri is a preference of the OPAL tables by p modes and a better agreement with the OP opacity models for high order g modes (Daszyńska-Daszkiewicz & Walczak 2010 ). Here, we will make use of the empirical values of f for the radial fundamental mode ν = 5.76324 d −1 derived from the Strömgren amplitudes and phases and radial velocity variations from the last multisite campaigns. It should be mentioned that the empirical values of f weakly depend on the stellar parameters in the allowed ranges whereas they do depend on model atmospheres. In Table 1 , we give the parameters of the seismic models found in the previous section and depicted in Fig. 5 . There are also provided the theoretical and empirical values of the absolute value of the f parameter, | f |, and the phase lag, Ψ = arg( f ) − 180
• , for the radial fundamental mode of ν Eri. The value of Ψ gives the phase shift between the maximum temperature and the minimum radius. The corresponding empirical As one can see, there are significant differences in the values of (| f |, Ψ) between models computed with different opacity data as well as a large disagreement with their empirical counterparts. Thus now the aim is to find the κ−modified models that will reproduce additionally the empirical value of f of the dominant mode. It appeared that fitting the parameter f significantly reduces the number of seismic models. In fact, it is quite hard to find the models that simultaneously reproduce the observed frequencies, the range Table 1 . Parameters of the seismic models of ν Eri with the modified opacity profile, shown in Fig. 5 and Fig. 6 (bestOPLIB) . Columns from left to right are: opacity data, mass, M/M ⊙ , effective temperature, log T eff , luminosity, log L/L ⊙ , metallicity, Z, overshooting parameter, α ov , the theoretical values of (| f |, Ψ) for the radial fundamental mode and their empirical counterparts. The latter were computed with both the LTE and NLTE atmosphere models. of instability for both p and g modes and the empirical value of the nonadiabatic parameter f . Nevertheless, we succeeded in finding such a model with the OPLIB data and in Fig. 6 we depict its instability parameter η as a function of the frequency. The model has the following parameters: Our best model has a greatly reduced value of the mean opacity near the temperature log T = 5.065. This was necessary to fit the empirical values of the parameter f . On the other hand, the mean opacity has to be slightly increased near log T = 5.22 and significantly increased near log T = 5.47 in order to fulfill the instability requirement for p and g modes, respectively. The modified κ profile together with its derivative with respect to temperature, κ T , is shown in Fig. 7 . The consequences of this κ modification on the flux eigenfunction f (log T ) are large as can be judged from Fig. 8 , where the absolute value, | f |, and the phase lag, Ψ = arg( f ) − 180
• , are plotted. The photospheric values of the empirical (| f |, Ψ) are marked with the short horizontal lines. Both, the absolute value, | f |, and the phase, Ψ, are significantly modified around the minimum values of the the opacity derivative, κ T , with the proviso that | f | reaches the maximum values at log T ≈ 5.53 where the derivative κ T reaches the minimum, whereas the value of Ψ is the maximum at log T ≈ 5.41 where κ T obtains the maximum. It is worth mentioning that many models that reproduce the empirical parameter f for the dominant frequency corresponding to the radial fundamental mode could not account for the instability of high order g modes. This is because to excite the g modes one has to increase significantly the opacity which, in turn, results in increasing the theoretical value of the phase lag Ψ.
Despite such large modification of the opacity profile, the value coming out of the photosphere is not much changed and the parameter f is mostly adjusted to the empirical value by reducing the opacity at log T 0,1 = 5.065 which does not affect the instability of g modes. The theoretical values | f | and Ψ of the model from Fig. 6 and the corresponding empirical values are given in the last line of Table 1 . As one can see, the theoretical and empirical values of | f | are in excellent agreement if the NLTE model atmospheres are used. With the LTE models, the agreement is achieved if the 2σ error is allowed. For the argument, Ψ, the compatibility is within the 3σ error regardless of which model atmospheres are used.
ADDITIONAL EFFECTS OF THE OPACITY MODIFICATION

The effect of convection in the Z-bump
Despite the general considerations that convective transport is negligible in stellar models with masses corresponding to β Cep variable (M ≈ 7 − 16 M ⊙ ), it can be important at the depth where the local maxima of the opacity occur. As was shown by Cantiello et al. (2009), the efficiency of the Z-bump convection increases with increasing metallicity, decreasing effective temperature and increasing total luminosity. These three facts were confirmed by the observational data. Moreover, fast rotation can enhance this subsurface convection (Maeder et al. 2008 ).
In the previous section we showed that the nonadiabatic parameter f is a powerful probe of modification of the stellar opacities in the depth range log T = 5.0 − 5.5. Because of this important diagnostic property, here we will check the sensitivity of the flux eigenfunction f (log T ) to the efficiency of convection in the Z-bump layer. The convective efficiency is measured by the value of the mixing length parameter, α MLT .
We consider the modified OP opacity profile with the parameters: log T 0,1 = 5.15, a 1 = 0.071, b 1 = 1.0; log T 0,2 = 5.46, a 1 = 0.071, b 1 = 1.0, and the two values of the MLT parameter: α MLT = 0.5 and 5.0. This second large value of α MLT is chosen, firstly, to show the effect and, secondly, because such values of α MLT were considered at some depth of the solar convective zone. The depth-dependence of α MLT was studied by, e.g., Schlattl et al. (1997) and more recently by Magic, Weiss & Asplund (2015) .
In Fig. 9 , we plot the standard and modified profiles of the Rosseland mean OP opacity (the left-hand Y-axis) for the two values of the MLT parameter, α MLT = 0.5 and α MLT = 5.0. The corresponding κ derivatives over temperature are depicted as well (the right-hand Y-axis). The model parameters are: Z = 0.0185, M = 9.63 M ⊙ , log T eff ≈ 4.334, log L/L ⊙ ≈ 3.89. As one can see, the change of α MLT is only revealed near the local maxima of κ. For the model with the modified opacity and α MLT = 5.0, the efficiency of convection reaches about 45% in the vicinity of the Figure 10 . The differential work integral for the radial fundamental mode (the top panel) and dipole gravity mode (the bottom panel) for the models with the modified κ profile (cf. Fig. 9 ). The effect of the MLT parameter is illustrated. For α MLT = 0.5 the ℓ = 0, p 1 mode is stable whereas for α MLT = 5.0 it is excited.
Z-bump layer. The effect of α MLT on the differential work integral is shown in Fig. 10 where its value is depicted for the radial fundamental mode, corresponding to ν = 5.7625 d −1 , and the highovertone g mode, ℓ = 1, g 14 , corresponding to ν = 0.5003 d −1 . Although the effect of α MLT seems to be negligible, the result is that in the model with α MLT = 0.5 the radial fundamental mode is stable whereas in the model with α MLT = 5.0 it is unstable because of smaller damping at log T ≈ 5.35 and log T ≈ 5.55. In the case of the g mode, the damping around log T = 5.55 is slightly reduced in the model with α MLT = 5.0 and the instability parameter, η, is a little larger.
How the value of α MLT affects the flux eigenfunction, f (log T ), is presented in Fig. 11 . The dashed and solid lines correspond to the opacity-modified models with α MLT = 0.5 and 5.0, respectively. The model with the standard opacity profile is plotted with the dotted line. As one can see, the dependence of f (log T ) on the MLT parameter is important and the difference is larger than the obser- vational error of the parameter f . The adjustment of the value of α MLT is beyond the scope of this paper but one has to keep in mind this fact when studying the properties of the Z-bump in the β Cep star models.
Avoided crossing of radial modes
When studying models with the modified κ profile, we encountered the phenomenon occurring so far only for nonradial modes. It appears that in models with a significant increase of opacity at certain temperatures, the radial modes can experience the avoided-crossing phenomenon, which in standard massive main sequence models occurs only for nonradial oscillations. Till now the avoided crossing for radial modes was noticed in models of neutron stars (Gondek, Haensel & Zdunik 1997 , Gondek & Zdunik 1999 and Cepheids (Buchler, Yecko & Kollath 1997) .
In certain cases, an increase of the local opacity produces the two resonance cavities for radial modes and low order overtones can exchange their dynamic behaviour in stellar interiors. An example is shown in Fig. 12 , where the evolution of eigenfrequencies of the six radial overtones for models with M = 11.3M ⊙ is shown. The top and bottom panels correspond to the standard and modified models, respectively. To emphasize the effect, in the modified model the OP opacities were increased by a factor of 4 around the depth log T = 5.35. As one can see, at certain evolutionary stages the first and second overtone radial modes (log T eff ≈ 4.38) or the fundamental and first overtone radial modes (log T eff ≈ 4.34) can get close to each other.
The standard and modified κ profiles are depicted in the top panel of Fig. 13 . Note that maximum difference in the opacity between two models is a factor of about 2.3, not 4, and the position of this maximum is at log T ≈ 5.25, not 5.35, as in the standard and modified opacity tables. This is due to the fact that two evolutionary models differ one from another by distribution of both temperature and density in the interiors. Therefore, the opacity coefficient is interpolated along different log T -log ρ lines in the tables.
During the avoided crossing of radial modes, overtones ex- change their oscillatory properties, in particular the distribution of the kinetic energy inside a model. This can be seen from the lower panels of Fig. 13 where we show the run of the kinetic energy density as a function of the depth, log T , for the three lowest radial modes, ℓ = 0, p 1 , p 2 , p 3 , at three close evolutionary stages: before, during and after the avoided crossing of the fundamental mode and first overtone. These three selected models are marked in Fig. 12 by vertical lines. In this case after the avoided crossing the fundamental and first overtone modes exchange their dynamical behaviour in the interior: the distribution of the kinetic energy of fundamental mode is now very similar to that of the first overtone before the avoided crossing, and the distribution of the kinetic energy of the first overtone is very similar to that of the fundamental mode before the avoided crossing. It should be mentioned that during the avoided crossing both modes have the same normalized kinetic energy. At the closest approach the kinetic energy is nearly equally divided between the regions above and below log T ≈ 5.7, which is the lower border of the potential barrier formed by the opacity increase around log T = 5.35.
CONCLUSIONS AND FUTURE WORKS
Seismic modelling of pulsating stars that exhibit both p modes and higher order g modes is still a challenging task. In this paper, we aimed at finding complex seismic models of the well-known pulsator ν Eri which reproduce simultaneously the observed frequency range, the values of some individual frequencies and the empirical value of the nonadiabatic parameter f for the dominant radial mode. We based our computations on the three sources of the most widely used opacity data, OPLIB, OPAL and OP, and found that in each case only models with the modified profile of the Rosseland mean opacity can account for the instability of the observed modes. A very important result is that adding the requirement of fitting the nonadiabatic parameter f greatly reduces the number of κ modi- Figure 13 . The top panel: the run of the opacity and its temperature derivative in the models computed with the standard and modified κ as described in the text. The vertical line corresponds to log T = 5.35 at which the opacity was increased by 4. The panels below show the kinetic energy density of the three radial modes in the κ modified models before, at and after the avoided crossing. These models are marked by vertical lines in Fig. 12. fications and, in fact, the good news is that it is very difficult to pick out such a model. We found that the model computed with the OPLIB data modified at the three depths, log T = 5.06, 5.22, 5.47, best meets all the above conditions. Thus, there is some indication that these opacities are preferred. A large increase (more than three times) of the opacity at log T = 5.47 was indispensable to get the instability of g modes whereas a reduction of the opacity by 65% at log T = 5.06 was imposed by the need of fitting the theoretical values of f to the empirical ones. It is also worth mentioning that with the NLTE model atmospheres we got much better agreement. It should also be highlighted that the opacity modifications can have serious consequences on the stellar structure. In this paper, we discussed an enhancement of the efficiency of convection in the Zbump if the opacity is increased. In turn, more efficient convection affects the mode instability and the flux eigenfunction.
In addition, we found that in some models with the much increased opacity around the Z-bump an additional potential barrier can be formed. Consequently, the frequencies of the two consecutive radial modes can come close to each other and undergo the avoided-crossing phenomenon considered up to now only for nonradial modes in main sequence models.
Naturally a number of questions arise: To what extent are these opacity modifications realistic or, more precisely, are they in the right direction? To what extent is the solution general? Can we apply it to other hybrid B-type pulsators? A somewhat perplexing result is the need to lower the opacity at log T = 5.06 whereas the new local maximum of κ(T ) has been identified in Kurucz models at this depth. This bump helped to solve the excitation problem with the low frequency modes in δ Scuti star models which have much lower masses. Can we have such differences in the opacity profile between stars? Or maybe our result is only a consequence of the adopted parametrisation to satisfy the data? The large factor of increase that was imposed on the opacity at log T = 5.47 is also difficult to justify since our investigations have been unable to identify any missing transitions that would support such an enhancement. We will be able to try to answer all of these questions if more pulsating stars are analysed in the same way. We plan such complex seismic studies for the three other main sequence B-type pulsator which show oscillation spectra of a dual character: γ Pegasi, 12 Lacertae, α Lupi. A need for such significant modifications of stellar opacity can result either from non-homogenous distribution of chemical elements or from the present-day methods of the opacity computations. Our main goal was to present a new approach to the analysis of the hybrid pulsators, which, besides complex seismic modelling, involves the fitting of the mean opacity profile. Such analysis can lead to important constraints on opacities under the conditions of stellar interiors.
